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An active ccnent steering semi-digital FIR filter fior a digital-to-analog cooveislon ctrcuit. which inchides a shift lemster having a I 
l-tat digital iiqwt stream and a jAnahty <rf out^mt taps, where eadi outpm tap pio^^ signal which has a vahie of a logic 1 or a 
logic 0, and a phiraUty of amtnt pate, whcie eadi pa& hichides an active dement, such as a tzansistor. having a leladvely hi^ cumut 
ppedance. which is coimectBd ID a conmion cuirem touice. and to an op amp for 

impedance of die active cuiiem Steering eiementonisesaiqreirartee^ ' 
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TITLE: COMBINATION D/A CONVERTER AND FIR FILTER 

UTILIZING ACTIVE CURRENT DIVISION AND 
METHOD 



SoedReaHon 
Cnws-Referenee to RelHted P^nt Appli«.tinnff 
This patent ai»pIication is a amtinuation-in-part of patent application 
Serial No. 08/389^362, filed €2/16/95, which is pending: 

Background of th« Tnuantwm 

L ISeUofdieliirventioiL 

^ The present invention relates to a digital-to-analog FIR fater. More 

spedficaUjr, the present invention relates to a digital-to-analog filter which 
uses active current division steering techniques. 

2. BriefDescrqitionftftiie Belated Teehnoiofy. 
Previous methods for digital-to-analog (D/A) signal conversion and 
20 reconstruction filtering involve several methods. The actual D/A conversion 
process has been accomplished using methods such as a sin^e current source 
and sink, or by dumping charge firom a switched capacitor that has been 
charged to either a positive or negative reference voltage. Reconstruction 
filtering has been accomplished by using a combination of active and/or 
25 passive classical filtering techniques, such as continuous time active filters 
with resistors and capacitors, continuous time passive filters utilizing 
resistors, capacitors, and inductors, or switched capacitor filter techniques. 
A method of filtering which combines a D/A converter with a reconstruction 
filter has recmt^ become known in the art 

Oversampled D/A converters generally include the following signal 
processing blocks: (1) an interpolator filter, or series of filters, which raises 
the sample rate of the incoming digital signal to a higher sample rate, (2) a 
digital sigma-delta processor (or noise shaper) which lowers the number of 
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bits representing the signal hy shaping tiie quantization noise in a yny that 
places most of it at hi^ier frequencies, (3) a 0/A converter which converts the 
output of the noise ahaper into an analog signal, and (4) an analog low pass 
filter which removes, or substantial^ lowers, Hbe noise that was placed at 
5 hii^CT firequendes fay the noise sh^ier. 

In all sigma-deltaD/A converters, tiiereeadsts a need to filter the hi^ 
fivquen^ noise inherent to Has method of conversion. It is common for a 
digital noise abaper (digital sigma-delta modulator) to have as its ou^ut a 
sini^ebit The single bit digital ou^mt signal is then converted to an analog 
0 signal using switched capacitor techniques or switched current source 
techniques. Once this conversion is made, filtering of the hi^ fivquency 
noise is then accomplished throu^ a variety of means. 

As illustrated in Fig. 1, a semi-digital reconstruction filter typically 
uses a tapped dekgr line, or shift register, to control a plurality of devices each 
5 of ¥diich has an associated gain factor. The outputs of the plurality of devices 
are then summed together to form a sin^ output of the filter. In some 
cases, individual current sources are employed as the plurality of devices. 
The amount of current in each current source is designed such that a desired 
FIR filter response is achieved. The out^t of each current source is then 
9 provided, or stened, to a current summing no(te(IOUT) or to an alternative 
current summing node OOUT*), depending on the logic state of the control 
bit (3^ at tiie delay line tap associated with each current source. The 
currents at one or both of the current summing nodes are th»i converted to 
a voltage u«ng standard currait to voltage conversion tedmiques. Additional 
> filtering may tiien be ai4>loyed to remove extremely hi^ frequancy noise. 

In other cases, the plurality of devices in the semi-digital filter FIR 
coefficients are represented as charge rtored on a plurality of capacitors. The 
charge on each capacitor can then be summed by employing a switched 
capacitor summing amplifier. Once again, additional filtering may be 
^ employed to remove aiqr extremely hi^ firequen^ noise. 

In another semi-digital filter scheme, the FIR coefficients are 
represented as a current value through a pharality of resistors. Baehredstor 
is selectiveltjr connected to a voltage reference depending on the state of the 
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individual control bit finom the dOay line tap associated with each individual 
resistor. The current is thra summed and converted to a voltage by Tw«»ang 
of resistive feedback around an operational amplifier (op amp). As in the 
previous methods discussed, additional filtering may be employed to lemove 

5 any hi£^ frequenqr noise. 

Previous current steering semi-digital FIR filters utilize current paths 
having linear resistorB, or resistive elements such as FEI^ or CMOS 
transmission gates biased in the linear region. This results in relatively low 
output impedance of the resistive elements of the filter. Auy o£bet on inputs 

0 to an operational amplifier (op amp) connected to the current paths in the 
prior filter circuits may cause an error term. Since the current throu^ each 
path is depradent on the resistance of the resistive element in each path, tite 
state of the switches and the op amp of&et, the FIR coefficients for the filter, 
as determined by the current in each path, are a function of the op amp 

5 ofbet. A need eadsts to minimize, or eliminate, tius ofbet distortion term. 



Siimn.»i|y of the Inventinn 

The method and apparatus described herein is one which uses a sin^e 
current reference and an active current divider network which includes a 
plurality of parallel current paths. The current tiurou^ each path is active)!^ 
steered by transistorB to a current summing node, or an alternative current 
summing node, depending on the logic level of a control bit at a delay line tap 
associated with each path. A shift register ^ch shifts the single bit, output 
signal firom a digital sigmanlelta modulator, forms a delay line. The shift 
register includes a series of fliinflops . 

The output of each flip flop provides the iapat of the next flip flop in 
theseriea All flip-flops are clocked a t the same rate. The output of each flip 
flop also provides the control bit associated with each current path. That is, 
for an individual path, if the control bit is a logic 1, the current through the 
path is actively steered to the current summing node. If the control bit is a 
logic 0, the current is actively steered to the alternative current summing 
node. Since a t^^ed delay line and a summed output(s) consisting of 
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weii^ted values (with wei^t determined by conductance value of each path) 
of the intermediate points in the tapped delay line are provided, a Finite 
Impulse Response (FIR) filter exists. Such a filter may be designed using 
techniques available to tbose skilled in the art Any type of filter such as 
5 bandpass, bandreject» high pass, and low pass may be built using thia 
technique. The present invention is directed to, a low pass fi lter which is 
desirable to remove high frequency noise generated fay a sigma-delta data 
conversion process. 

Transistors biased in the saturation region are utilized as active 
10 current steering elements in each current path to active^ steer current This 
results in the elements in each current path having a relatively hi|^ output 
impedance, which minimizes the effect of any op amp ofibet This causes the 
FIR filter signal response to be more reliable than when passive resistive 
elements are utilized. 



15 Brief Desc ription of th e Flrawinpi 

Figure 1 schematically illustrates a prior art embodiment of a semi- 
digital FIR filter utilizing a plurality of current sources; 

Figure 2 schematically illustrates a prior art semi-digital FIR filter 
which uses a single current source and passive current stewing techniques; 
20 Figure 3 schematically illustrates a prior art embodiment which 

removes an effective DC ofGset using a current source; 

Figure 4 schematically illustrates an embodiment of the present 
invention whidi utilizes differential currents and differential voltages; 

Figures 5a-c schraiaticaUy illustrate various prior art embodiments to 
25 inclement the resistive paths or RO and Rl associated with the switches of 
Figs. 2 and 3; 

Figure 6 schematicaUy illustrates a semi-digital FIR filter of the 
present invmtion whidi uses a sin^e current source and active current 
steering techniques; and 
30 Figure 7 schematically illustrates an embodiment of the present 

invention which removes an effective DC ofGset using a current source. 
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Detafled Description of the Preferred Rmlvwiitny^t 
The present invention utUiTes a sin^e reference current, IREF, an 
active current division network, a method for steoing the output of eadi 
individual transistor element in the current steering network, a current 
summing node, an altwnative currrat summing node, and a method to 
convert the eunrent in the current summing node to a voltage. 

Figure 1 illustrates a prior art inq>lementation of a semi-digital FIR 
filter 50 usinga phirality of current sources 52 and 53. The 1-bit output from 
a aigma^ta modulator 16 is bapat to shift register 14 as input signal 12. 
Sigma-delta modulator 16 preferabty inchides an inteipolation dreuit and a 
noise shaping circuit. Various interpolation circuits known in the art may be 
utilized, however, the preferred digital interpolation circuit is described in 
application Serial No. 00/333,399, filed November 2, 1994, entitled TMgital 
Interpolation Circuit for A digital-to-analog Converter Circuit", assigned to 
the common assignee of ttie present invention. Likewise, various digital noise 
shying circuits may be utilized, however, the preferred noise shaper circuit 
is described in application Serial No. 08/333,386, filed November 2, 1994, 
entitled Digital Noise shaper Circuit", assigned to the common assignee of 
the present invention. 

The current flows throui^ the non-inverted current switches (Bo, B,) 
to non-inverted current summing node 62 and through inverted current 
switches (Bd* B,*) to inverted current summing node 58. Switches and Bb* 
are controlled by the logic level of output tap Bj of shift register 14. Switches 
B, and B,* are controlled by the logic level of output tap Bj. If output tap B, 
is a logic 0, inverted current switch B,* is closed and non-inverted switch B, 
is open, causing current to flow from current source 52 to inverted current 
summing node 68. If ou^t tap B. is a logic 1, non-inverted current switch 
Bo is closed and inverted current switch B* is open, causing current to flow 
from current source 52 to non-inverted current summing node 62. Non- 
inverted current switch B, and inverted current switch B,* would function in 
a shnilar manner, causing current to flow from current source 53 to non- 
inverted current summing node 62 or inverted current summing node 68, 
depending on the logic value of shift register output tap B,. 
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Figure 2 ilhisfcrates a prior art semi-digital FQt filter current steering 
dreuit 10. Figure 2 depicts a cnrrait steering circuit 10 which inchides two 
control bits (Bn and B,) and tiieir logical inverses (B^* and B,*) which are 
output from shift register 14 as output tap Bo and B., respective^. These 
5 control bits are used to control whether Ihe current in an individual resistive 
path 21, 23 is steered to non-inv«ied current summing node 62 GOUT), or 
to the alternative current suntming node, inverted current summing node 68 
dOUT*). In order for the individual currents throu|^ the resistive patiis 21, 
23 to remain constant, the current ramming nodes 62, 58 (lOUT and lOUT*) 
10 must be hdd at identical voltages. For the esanq>le shown in Fig. 2, it will 
be assumed that summing nodes 62 and 58 GOUT and lOUT*) are at zero 
volts. Thus, the current through resistive path 21, rq>res«ited fay resistive 
element RO, is represmted fay the following equation: 

I» = IREF(R./(^+R,)) 
15 Likewise, the curr«it throu^ resistive path 23, represraited fay resistive 
element R,, is given fay tiie following equation: 

I, =IREF[R,/(R.+R,)] 
Thoefore, the current in non-inverted current summing node 62 GOUT) can 
be represented fay the following equation: 
20 IOUT(k) = lo l3c(k)] + II X Wk-l)] 

where x(k) is the digital input signal 12, illustrated in Fig. 1, where input 
signal 12 (z(k)) is output from sigma-delta modulator 16, and where IOUTQe) 
represents the output current in tiie non-inverted current summing node G2, 
and 1, and I, are the currents tiurough the two resistive paths 21, 23, for 
25 and R^, respective^. 

The standard equation for an FIR filter is given fay: 
y (k) = ao [x(k)J + a, [x(k-l)] + ... a. [xQt-n)] 
Since the equation for non-inverted current IOUT(k) is of the same form as 
for y(k), the structure illustrated in Fig. 1 is an FIR filter. The equation for 
30 non-inverted current IOUT(k) can also be written in the following way by 
substituting I, and I, as their equivalent fonctions of current source IREF, 
resistive elements Rq and R,, as ffwn in the above equations by: 
IOUT(k)=[IREF(R,/(R,+R,)]] x(k) + [IREF [R,/Glo+R.)]] x(k-l) 



wo 9605793 



PCT/DS9Sn4348 



-7- 



Table 1 provides the summed currents lOUT and lOUT* for all 
possibilities of switches and B, in Fig. 2. 
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10 



15 





B, 


lOUT 


IOOT» 




0 


0 


IREF 




1 




R. IREP 
Ro + R, 


1 


0 


^ IB£F 


R- IREP H 
R. + R. 


1 


1 


IREF 


0 || 



Since, in Fig. 1, input signal 12 (x(k)) can take on only a value of logic 0 or 
logic 1, current summing nodes lOUT and lOUT* can only be equal to zero 
or positive values. In fact, both cinrent summing nodes lOUT and lOUT* 
may take on values from zero to the value of current 8oim:e IREF (Fig. 2). 
Thus, the structure illusta^ted in Fig. 2 adds an effective DC ofiset with a 
value of IREF/Z. This can easily be removed by subtracting a fixed amoxmt 
of current, IREF/2, from current summing nodes lOUT and lOUT*, as shown 
in Fig. 3. Table 2 illustrates that both cturent summing nodes, lOUT and 
lOUT*, may take on values from -IREF/2 to IREF/2. 
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Table 2 






lOUT 


lOUT* 


1 ^ 


0 


2 


2 


1 0 


1 


IL IREP IREP 
B. + R, 2 


II, P?EF _ffiEE 
-R. + R. 2 


1 


0 


E, IREP IREP 
Ro + R, 2 


Ro + R, 2 


1 


1 


IREP 

2 


-IREF 
2 



In fiact for each combination of switches and B^^ the value of inverted 
current sununing node 58, lOUT*, is equal to negative the value of non- 
inverted current sununing node 62, -[lOUT]. Thus, the inverted and non- 
10 inverted currents are differential in nature. This differential current 
embodiment is iised to remove any even-ordered distortion which may occur. 

Figure 4 illustrates a method of converting current summing nodes 
lOUT and lOUT* from differential currents to differential voltages via 
operational amplifier circuits 20 and 22. Each op amp circuit, 20 and 22, 
15 includes an op amp 25 and a feedback resistor 30. If desired, the differential 
voltages in this embodiment may be converted to a single-ended voltage 37 
using series input resistor voltage divider resistor network Rc and and 
feedback resistor Rg togeUier with op amp 27, as shown in Fig. 4. As stated 
previously, additional filtering of extremely high frequency noise can then be 
20 accomplished by connecting a capacitor Cp in parallel to feedback resistor 30 
in Fig. 4. 

Several prior art techniques may be used to implement the resistive 
paths 21 and 23, via resistive elements RO and Rl and associated switches B^, 
^)^ B,, and B* of Figs. 2 and 3. Resistive elements Ro and R, may be 

J5 resistors, as shown in Figs. 2 and 3. As shown in Fig. 5a, an explicit resistor 
Rj and a pair of switches Bj and B^* are utilized to implement resistive paths 
25 and 27. The resistor R, may be realized as a poly resistor, a diffused 
resistor, a thin fihn resistor, or by any of the standard methods of realizing 
resistors. The switches Bj and B^* may be realized by employing CMOS 

» transmission gates T, and Tj, or single MOSFETS, to act as switches. Inthe 
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technique of Fig. 5a, the resistance of an individual resistive path 25 or 27 
would be the sum of the explicit resistor, R|, plus the effective ''on" resistance 
of the switch or B|*. Care must be taken to make tiie "on" resistance of 
and T. ne^igible with respect to R,, or, alternatively, the "on" resistance of the 
switch Bi or B^^ may also be ratioed by the same ratio which is used to 
calculate R|. Hovifever, like the prior art techniques shown in Fig. 1, discussed 
above, any error in effective static switch "on" resistance will only change the 
effective FIR coefiBdent for the filter and will not affect the linearity of the 
filter. 

Another technique that may be xised to implement resistive paths 25 
and 27 is shown in Fig. 5b, is to realize Ro or in Figs. 2 and 3 as the 
effective "on" resistance of a CMOS transmission gate Tj, or single MOSFET 
transistor biased in the triode (linear or resistive) region when turned on. In 
Fig. 5b, Tj represents the effective resistance for Ro or R,. The switches Bj 
andBi* are likewise realized as CMOS transmissioii gates Tj and T3, or as 
single MOSFET transistors. The switches and B,* are designed such that 
the effective "on" resistance of gate T, is identical to effective "on" 
resistance of gate T,. Thus, the effective resistance of the resistive paths 25 
or 27 is the sum of the "on" resistance of gate T, plus the "on" resistance of 
gate T, or T,. Like the technique described above for Fig. 5a, the "on" 
resistance of gate T, and T, must dther be made ne^gible with respect to tb» 
"on" resistance of gate T^, or thqr must be ratioed by the same ratio which is 
used to calculate the on resistance of gate T,. Once again, any error in 
effective static switch "on" resistance will onfy change the effective FIR filter 
ooefBdent and will not affect the linearity of the analog signal at current 
summing nodes 62 and 58, lOUT and lOUT*. 

An alternative prior technique t^iat vaay be used to implemrat resistive 
paths 25 and 27, shown in Fig: 5c. Renstive elements and R^ and switches 
^ Bb*, Bj, and B^* are impl^nented as individual CMOS transmission gates 
Ta and Tb, or as single MOSFET transistors. In this case, the "on" resistance 
of gate T^ is designed to be equivalent to the "on" resistance of gate Tg. Thus, 
the effective resistance of the resistive paths 25 or 27 is the "on" resistance 
of gates T^ or T^. like the above methods shown in Figs. 5a or 5b, any error 
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in effective static "on" resistance will only change the effective FIR filter 
coefficient (and therefore the firequengr response of the filter) and not the 
linearity of the analog signal ^ch results fiiom using this technique. 

The prime reason the current steering structure of Figs. 2 and 3 is 
5 linear is because the effective current through each resistive path 21 or 23 is 
not dependent on the current throu|^ any of the other r^istive path. Thus, 
ideally, the current throu^ a resistive path 21 or 23 should not dq)end on 
the 1-bit digital input signal 12, x(W, of Fig. L This is true for the ideal cases 
of the three techniques described above and ilhistrated in Pigs. 6a-c. In 
10 practice, however, diis may not be complete true. 

If; in Fig. 5c, due to random manufacturing resistance mismatdies, the 
"on" resistance of gate T^ is not equivalent to the "on" resistance of gate T,, 
assuming, for example, that and TB. are the same size, nominally, then 
current I^ passing through switch T^ when shift register output tap B, is a 
15 logic 1 would not be equivalent to current I. tibroui^ gate T, when output tap 
^isalogieO. This means current I, throu^ a resistive path 25 or 27, rather 
than being constant, is dependent on the input signal 12, x(k). This concept 
also applies to the embodiments illustrated in Figs. 5a and 5b. Since the FIR 
filter structure as a whole is built as a current divider, if the current in one 
20 «fflstive path 26 or 27 changes, the amount of current through all paths 25 
and 27 must change in order for the total current to remain equal to 
reference current IRBF. Thus, there is potential for harmonic distortion to 
result One of the first assumptions is that the value of current summing 
nodes lOUT and lOUT* must be held at Ae same potential. In practice, this 
25 may not be possible due to random op amp ofbet voltages. Fortunately, to 
the extent the harmonic distortion is even-ordered, using differential non- 
inverted and inverted currents, lOUT and lOUT*, and converting them to 
differential voltages as shown in Fig. 4, will reduce the total harmonic 
distortion. 

30 Figure 6 illustrates a FIR filter circuit 50 and method of the present 

invention for aetivebr steering current through a phvality of current paths. 
The sini^e current source, IREF is biased by signal VBIASl. IRBF is divided 
into smaller branch currents by means of MOS transistors T^-Tj, M^ch are 
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biased in the saturation region, to aethrefy steer current throu^ current 
branches, or paths, 31, 33 and 35, respectively. Transistors To-T, are biased 
by signal VBIAS2 in the saturation region, which results in the transistors 
having a relatively hi|^ output impedance. The amotint of current in each 
branch of the FIR filter circuit 50 is determined by the effective W/L ratio of 
each individual transistor, T^-T* with respect to the sum of all the W/L ratios. 
Since each tranaistcr has Uie same gate voltage and the same drain voltage, 
those toansistora with larger W/L ratios will conduct proportionately larger 
current than those with smaller W/L ratios. The W/L ratio of each transistor 
is sized to implement effective coefBdents for the FIR filter circuit 50. 

The current through each branch is defined by the following equation: 

I. = ffiEF»(W/L)./(W/LU 
In the above equation, IREF is the single master current, (W/L\ is the W/L 
ratio for each transistor and (W/L) ^ is the sum of all W/L ratios for all 
transisUnrs. Thus, a semidigital FIR filter having (n+1) taps implemented 
with this technique would produce an output current described by the 
following equatran: 

lOUT = ZO * IREF + Zl • IREF • r> +22 • IREF *?» + ... + Zn • IREF *z * 
Where is (W/L), / (W/L)«^ 

As illusteated in Fig. 7, an active DC ofiG^t compensation current 
steering filter circuit 100, having differential current outputs lOUT and 
lOUT*, inchides DC ofbet current sinks IREF/2 connected to lOUT and 
lOUT* to reduce the effect of the DC ofibet, for the reasons discussed 
previous^ in regard to Figs. 2 and 3. The differential current-to-voltage 
conversion circuit 29 of Fig. 4 is connected to the active current steering FIR 
filter circuit 50 of Fig. 6 or circuit 100 of Fig. 7, such that the lOUT lines of 
Figs. 4 and 6 are connected, and the lOUT* lines of Figs. 4 and 6 are 
connected, reepeetivebr. With the relative^ hi^ output impedance of 
transistors To-T, in Figs. 6 and 7, the effect of any offset at the inputs of op 
amps 25 of Fig: 4 are mimmized. 

The switches, and R,*, etc of Figs. 6 and 7 vaay be implemented 
using CMOS transmission gates, or using single MOSFET transistors biased 
in t^e linear r^on. 
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The present invention, dierefore» is weQ adapted to cany out the 
objects and attain the ends and advantages mentioned herein as well as otiier 
ends and advantages made apparent from the disclosure. While preferred 
embodiments of the invention have been described for the purpose of 
disclosure, numerous changes and modifications to those embodiments 
described herein will be readity apparent to those skilled in the art and are 
encompassed within the spirit of the invention and the scope of the following 
claims. 

What is claimed is: 
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1. An FIR filter for a digital-to-analog conversion cinniit, 
comprising: 

(a) a shift register having a 1-bit digital input stream and a 
plurality of output taps, whorein each said output tap provides a 1-bit 
signal which has a value of a logic 1 or a logic 0; 

(b) a plurality of current paths, wherein each said path 
includes an active element having a hi§^ output impedance, each said 
active element being connected to a common current source, and to a 
first terminal of an active hi|^ switch and a first terminal of an active 
low switch; 

wherein a sin^e said output tap of said shift register is used to 
control said active high switch and said active low switch for a sini^e 
current patii; and 

wherein a second terminal of each said active hi^ switch of 
each of said plurality of current patiis is connected to a non-inverted 
output current path, and a second terminal of each said active low 
switdi for each of said plurality of current paths is connected to an 
inverted output current path. 

2. The filter of claim 1, wherein said 1-bit digital input stream is 
ou^ut firom an oversampled sigma-delta converter circuit. 

3. The filter of daim 2, wherein said sigma-delta converter circuit 
comprises a digital interpolation circuit and a noise shaping circuit, wherein 
the output from said noise shaping circuit comprises said 1-bit digital input 
stream input to said shift register of said FIR filter. 

4. The fUter of claim 1, further comprising a diSerential current-to- 
voltage cpnversion circuit, comprising: 

a first operational amplifier circuit having an input connected 
to said non-inverted current path and a first feedback resistor 
connected between said first op amp input and a first op amp output; 
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and 

a second operational amplifier circuit having an input connected 
to said inverted current path and a second feedback resistor connected 
between said second op amp input and a second op amp output; 

wherein the voltage ou^ut firom said first and said second op 
amp ou^uts comprises a difierential ou^ut voltage. 

5. The filter of daim 4, fixrther comprising a meanus for converting 
said dififermtial ou^ut voltage to a single-ended voltage. 

6. The filter of claim 1^ wherein at least one of said active elements 
comprises a transistor. 

7. The filter of claim 1> i^erein at least one of said active elements 
comprises a MOS transistor biased in the saturation region. 

8. The filter of claim 5» wherein said means for converting 
comprises a third operational amplifier, having a negative and a positive 
input terminal; 

wherein said negative input terminal is connected to a third 
feedback resistor and to a series input resistor, 

wherein said positive input terminal is connected to a voltage 
divider resistor network; and 

wherein said series input resistor is also connected to said 
ou^t of said first operational amplifier circuit and said voltage 
divider resistor network is also connected to said output of said second 
operational amplifier circuit. 

9. The filter of claim 4, fiurther comprising a first high fi^quency 
feedback capacitor connected in parallel with said first feedback resistor and 
a second high firequengr feedback capacitor is connected in parallel with said 
second feedback resistor. 
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10. The filter of claim 1, further comprising a DC ofiset current 
source connected to said inverted ou^ut current path and to said non- 
inverted output current path. 

11. A method of converting a 1-bit digital input signal to an analog 
output signal, comprising the steps of: 

(a) inputting said 1-bit digital input signal to a shift register; 

(b) shifting said 1-bit signal throu^ said shift register; 

(c) providing, as a control bit, said shifted 1-bit signal to a 
plurality of output taps disposed along said shift register, wherein said 
control bit has a value of either a logic 1 or a logic 0; 

(d) controlling a plurality of non-inverted current switches 
and inverted current switches with said bit-values of said shift register 
ou^ut taps, wherein a dn^e output tap value controls a single pair of 
switches comprised of a single non-inverted current switch and a single 
inverted current switch, and wherein said plurality of non-inverted 
current switches and inverted current switches are connected to a 
common current source; 

(e) producing a differential current from said plurality of 
non-inverting current switches and inverting current switches; and 

(f) inputting said differential current to a first and a second 
op amp circuit, wherein a differential voltage is output from said first 
and second op amp circuits. 

12. The method of claim 11, wherein said 1-bit digital input signal 
input to said shift register is output from an oversampled sigma-delta 
converter circuit. 

13. The method of claim 12, wherein said sigma-delta converter 
circuit comprises a digital interpolation circuit and a noise shaping circuit, 
wherein said 1-bit digital signal input to said shift register is output fit)m said 
noise shaping circuit. 



wo 9605793 



PCT/US9Sa4348 



-17- 

14. The method of claim 11, wherein said first and second op amp 
circuits each include a feedback resister. 

15. The method of claim 11, whoein said first and second op amp 
circuits each include a hii^ firequency feedback capacitor. 

16. The m^hod of claim 11, further comprising the step of using a 
DC ofibet current source connected to said difierential current to subtract a 
DC ofiGset current value from said differential current. 

17. The method of daim 11, further comprising the step of providing 
said differential voltage ou^ut frt>m said first and second op amp circuits to 
a third op amp circuit which provides a sin^^e-ended output voltage. 

18. The method of claim 17, wherein said third op amp circuit 
includes a series resistor connected to a first input of said third op amp 
circuit and a voltage divider resistor network connected to a second input of 
said third op amp circuit. 

19. The method of claim 11, wherein each of said plurality of non- 
inverted current switches and inverted current switches are connected to said 
common current source throu^ an active element. 

20. The method of claim 19, wherein said active element comprises 
a transistor. 

21. The method of daim 19, wherein said active element comprises 
a MOS transistor biased in the saturation region. 

22. A method of converting a 1-bit digital input signal to an analog 
output signal, comprising the steps of: 

(a) inputting said 1-bit digital input signal to a shift register; 

(b) shifting said 1-bit signal tfarou|^ said shift register; 
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(c) providing, as a control bit» said shifted 1-bit signal to a 
plurality of output taps disposed along said shift register, wherein said 
control bit has a value of either a logic 1 or a logic 0; 

(d) producing a differential current at a pair of current 
summing nodes by using said control bits to open or close switches 
disposed along a plurality of current paths connected to a common 
reference current source, iK^erein a DC offset current is subtracted 
from said differential current; and 

(e) inputting said differential current to a current-to-voltage 
conversion circuit, wherein a differential voltage is output from said 
current*to*voltage convmion circuit. 

23. The method of daim 22, wherein said DC ofiset current is equal 
to one-half the value of said common reference current source. 
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